For the sake of achieving remarkable superprism effect, we investigate in thin film Fabry-Perot filter which possess drastic change in phase and large group delay around wavelength of peak transmittance. The group delay and spatial dispersion shift are simulated numerically; while the device is fabricated and tested with the maximum spatial separation shift reach to 65µm. We also analyze Gaussian beam propagating in the device to give the interpretation of the spot splitting phenomenon in this experiment. Compared with the traditional prism, the total thickness of our structure is only 3.3µm, and shows a very large deflection angle about 30
Introduction
Superprism effect [1, 2] makes it possible to use photonic crystals (PCs) in light deflection, filtering or demultiplexing system and so on [3, 4] . Nowadays, many research demonstrate that PCs present highly dispersive phenomena. It is said that PCs possess anomalous dispersion and anisotropy properties near the bandgap, which leads PCs work as the prism. And the group velocity in PCs depends sensitively on the incident angle and wavelength when light propagate in PCs under certain conditions. Compared with conventional prism's, the effect of a huge deflection in PCs can achieve more than 500 times stronger than it [5] . That's why we call it superprism.
Conventional one-dimensional(1-D) film stacks act as PCs, it is easily deduced by Wentzel-Kramer-Brillouin (WKB)-type approximation that spatial dispersion shift caused by superprism effect is proportional to the temporal dispersion throughout the stack with different wavelength [6] . Thus, we can obtain film structures with spatial separation by designing suitable temporal dispersion. But it is a pity that superprism effect in periodic one-dimensional film stack such as high reflectance coatings is not obvious enough, which lead the shift hardly detected. In addition, we can not achieve linear spatial shift for poor degrees of freedom limited by the periodic structure. To compensate the two defects, people have to increase the number of periods, with the price of hard fabrication. Finally, we decided to select the non-periodic structure-Fabry-Perot filter(FPF), which occur large group delay around the wavelength of peak transmittance while be more easy to design and fabricate than 2-D, 3-D photonic crystal structures, to get the high and linear spatial shift. In this paper, simple FPF structure is designed and fabricated to realize superprism effect. We experimentally observe remarkable and linear spatial shift in excellent agreement with theory. Besides, analyze the Gaussian beam propagating in the device by Fourier decomposition in angular field and give the interpretation of the spot splitting phenomenon of the incident Gaussian beam.
Principle
To analyze the practical wavelengths by the relationships between the spatial dispersion and the temporal dispersion, We operated the 1-D dielectric film stack as depicted in Fig.1 .
The laser ( s-polarization Gaussian beam) is incident obliquely on the glass substrate of the film stack, z-axis is the propagation direction while x is the direction perpendicular to the propagation direction. As the result of anomalous dispersion effect in PCs, the beam with different wavelengths which propagated throughout the stack twice to accumulate different temporal dispersion and finally exit the dielectric stack at different positions along the x-direction. Here we assume n i as the refractive index of the ith layer, d i as the physical thickness of the ith layer,ω as the frequency, β as the tangential component of wave vector, c as the light speed in vacuum. Now the approximate phase upon transmittance for incident light can be given by (1) [6] :
Then we can get approximate expression for tangential component of the group velocity v gx
It is obviously deduced from formula (2) that v gx depends only on the incident angle and physical structure of the stack but not on the wavelength, it is approximately constant for certain incident angle and film stack. Now, the exit position along the surface of the dielectric stack in the x direction is given:
We can get the final spatial separation after exiting the stack. Here λ is the incident wavelength, while τ g is the group delay. As spatial and temporal dispersion are approximately proportional, existing structures with temporal dispersion can be modified to obtain structures with spatial dispersion. In our case of FPF, we utilize the group delay on transmittance. From the definition of group delay τ g = ∂φt ∂ω , we know the only question left is to get the phase change upon transmittance φ t = arctan
Re(t) , t is transmittance coefficient which is easily calculated by the characteristic matrix method [7] which being widely used in optical thin film theory, And finally get the distribution of group delay together with spatial dispersion. 
Design and Experiment
We design FPF consisting of alternating layers of SiO 2 (n=1.435 at 850 nm) and TiO 2 (n=2.06 at 850nm) on a quartz substrate (n=1.46). All the layers have an optical thickness of one wave quarter for 850nm, the whole thin film stack is Sub |(HL) 5 H 4L H(LH) 5 | Air. For this regular quarter-wave thin film stacks, spatial shift S x can be easily calculated from formula (3). Calculation is performed when the incident laser is in spolarization state and the incident angle is 23.5 degree on the glass-film stack interface. The transmittance and transmittance group delay of the device are got as shown in Fig.2 .
The experimental setup for measurement of superprism effect in FPF is shown by Fig.3 . The beam from source (tunable laser) first attenuated by the multi-reflection of the group of prisms, attenuated light beam focused by lens is incident obliquely on our FPF, then computer processes the images obtained by CCD, that is used for recording the position information of the light spot after exiting the thin film stack with Gaussian fitting method. To achieve large beam spatial separation, the CCD is arranged in the same side of incident beam, so the shift caused by superprism effect is twice of the design, for the beam propagates thin film stacks two times. After get the value of measured shift S meas , the spatial shift can be calculated by using formula S x = (S meas − S 0 )/ cos(θ i ). In which S 0 is the shift of beam reflection off the front of the dielectric stack. The spectrum of tunable laser is from 782nm to 787nm in our experiment, and detected images of the output spots at different wavelengths are shown in Fig.4 . 
Analysis and Discussion
As depicted in Fig.4 , CCD detect one spot when beam exist the structure at incident wavelength of 782.2nm,With the wavelength increasing slowly, one can find that the light spot is splitting into two spots and the distance between them is increasing gradually. After the distance achieve maximum at 784.54nm, the wavelength of peak transmittance with maximum group delay, the distance and wavelength present inverse variation trend and finally return one spot again. Here, we give the interpretation of the spot splitting phenomenon by analyzing the Gaussian beam propagating in the device by Fourier decomposition in angular field [8, 9] . For s-polarized gaussian beam, we know it is a light cone with incident angles range but not parallel beam, the incident intensity can given by
) with α = k sin θ, α 0 = k sin θ 0 , k = 2π/λ, the variable θ 0 is the mean angle of incidence and equal to 23.5 degree under our case. Now we discuss the difference respectively at λ = 782.2nm and λ = 784.54nm and shown by Fig.5 . In Fig.5(a) we have plotted the transmitted band(the real line) as well as the spectral profile of the incident gaussian beam(the dashed line) when λ = 782.2nm. Obviously, the incident beam locates away from the transmittance peak angle. As referred in the previous, the superprism effect in FPF is very sensitive to the incident angle, here the incident light cone depart from the large group delay curve, thus, the related spatial separation is too small, we can get only one unmoved spot. With increasing of wavelength, some part of incident light cone close to the incident angle overlap with the group delay of the structure, which is proportional to the beam spatial separation as the moved spot we observed. When λ achieve 784.54nm, i.e. the peak transmittance wavelength in our experiment, from Fig.5(b) , we can find central part of incident light overlap well with the group delay curve, hence, the distance between two spots reach to its maximum, lead to the maximum spatial separate shift as seen in fig.4 , that consistent well with the relative theory. This phenomenon is similar to the result discussed by some researchers. Fig.6 give the comparison of theoretically calculated and experimentally observed shift. The spatial dispersive shift reach to 65µm at the wavelength of 784.54nm, that is in excellent agreement with theoretically expected shift along the x-direction, and the shift decrease gradually the wavelength remove away from peak transmittance. Some difference between the experimental curve and the numerically simulated one, as depicted in Fig.6 , are caused by the unstableness of the light density in tunable process of the laser, which could introduce the error as calculating the center position of light spots by Gaussian fitting method, simultaneity the pixel of CCD may affect the minimum resolution of detected spatial shift. Also, we can get from Fig.6 that in the band of 782nm to 784.5nm, together with 784.5nm to 787nm the shift of beam spatial separation is proportional to the wavelength, which means that this device can be used as demultiplexer. While the device has higher spatial resolution than the conventional component, such as grating and prism. For example, from 784.54 nm to 786.5 nm, and it's easy to know the angular resolution can achieve to 1.8 degree/nm, which is two orders of magnitude stronger than that of the conventional component. 
Conclusion
In this paper, FPF is designed and fabricated based on the relationship between spatial dispersion and temporal dispersion. Be differ from generic research, we discuss the remarkable superprism effect in this structure under the case of oblique incidence, analyze the Gaussian beam propagating in the device by Fourier decomposition in angular field and give the interpretation of the spot splitting phenomenon of the incident Gaussian beam. Finally the spatial shift caused by superprism effect we observed is approximately in agreement with theory. In comparison to some other complex structures, our design is more simple but with linear and remarkable spatial shift achieve 65µmat peak transmittance. Moreover, the device shows stronger angular resolution which reaches to 30 degree/nm but smaller size with only 3.3µm of thickness than the conventional component, such as grating or prism. So our design is valuable in demultiplexer and other optical communication system.
